The filamentous fungus Neurospora crassa, by a series of defined changes, differentiates from a mycelium composed of branching hyphae to form dormant spores, called conidia. Several genes of unknown function (con genes) that are preferentially expressed during this period have been cloned (1). Transcription of these genes has been examined 1n conidiation-defective mutants, and the results obtained revealed that con-6, con-8, con-10, con-11 and con-13 are most likely to play a unique role during conidiation. con-8 is expressed early during conidial differentiation. Genomic and cDNA sequence analyses with con-8 clones identified one open reading frame, interrupted by two Introns, which encodes a weakly acidic 18.4 kDa polypeptide containing 176 amino acid residues, con-8 is unusual 1n that it 1s transcribed as two mRNA species, 1.0 and 1.25 kb in length. SI nuclease mapping and primer extension analyses Identify one major Initiation site, one major polyadenylation site, and demonstrated the existence of heterogeneity at the messenger's 5' and 3' ends.
INTRODUCTION
During its life cycle the filamentous fungus Neurospora crassa undergoes an asexual developmental process known as conidiation. Vegetatively growing mycelium, in response to external signals, primarily nutrient deprivation (2) , produce aerial hyphae which undergo multiple changes to form dormant spores, macroconidia (termed conidia throughout this paper). Conidia are airborne agents of dispersal.
One of our aims in studying this developmental process 1s to determine the regulatory mechanisms Neurospora employs to achieve temporal gene expression. Our initial approach Involved the Isolation of a series of plasmid clones (the pCon series) that contain genes encoding mRNA species found predominantly or exclusively during conidiation (1). In this study we have analyzed expression of these con genes In a number of conidiationdefective mutants and from these results selected the most promising genes for further study of differential expression during conidiation. We present the molecular characterization of one of these genes, con-8.
The series of plasmids containing genomic DNA that hybridizes with mRNA species expressed during conidiation have been named pCon-1 to pCon-12. The gene (or genes) encoded on these plasmids have been named con-1, con-2 ... con-n. The gene corresponding to the most abundant raRNA transcript detected by each plasmid has been given the same number as the plasmid. Thus the plasmid pCon-1 encodes the con-1 gene. Additional genes encoded by some of the pCon plasmids have been given a con-designation as necessary. Of relevance to this paper 1s the fact that pCon-lOa encodes two genes, con-10 and con-13.
MATERIALS AND METHODS

H. crassa strains
The wild type strain used was 74-0R23-1A. Mutant strains used (3) were acon1d1ate-2 (acon-2), acon1d1ate-3 (acon-3), conidial separation-1 (csp-1), conidial separat1on-2 (csp-2), easily wettable (e_as) and fluffy (fV).
Growth conditions and media are described in Berlin and Yanofsky (4) . Mycelial cultures were grown 1n liquid medium for approximately 20 h with aeration until a concentration of 0.7-0.9 mg dry weight/ml had been reached.
Conid1at1on was Induced by filtering 200 ml aliquots of this material onto
Whatman No. 1 paper discs. These discs were placed on a layer of glass beads in Petri dishes containing medium and incubated in a sterile hood under fluorescent light (4) . Conidial samples were harvested 16-24 h later. For the experiment described in Figure 2 growth of the mycelial culture was continued 1n liquid medium for a total of 44 h.
General molecular biological techniques
Methods used for the Isolation of nucleic adds, preparation of radiolabelled probes, and Southern analyses, are described 1n Roberts ej. £k (3) .
The cosmid library of Vollraer and Yanofsky (5) was screened as described previously. The method used for the isolation of cDNA clones from a conidial cDNA library has been described (3).
Northern analyses
Northern blots were carried out as described by Berlin and Yanofsky (1).
Equal loading of total RNA (20-25 ug) In each lane was verified by ethidium bromide staining of the gel. Further confirmation of the integrity of the RNA preparations was obtained by stripping the blots and reprobing with the cDNA clone encoding the gene crp-1 which codes for a cytoplasraic Mbosomal protein (6) . The Intensity of bands obtained on auto radiograms was quantItated by densitometry.
DNA sequencing
The 2.3 kb Sal I fragment that contains the con-8 gene was sequenced by the H13 dideoxynucleotide method of Sanger _et _ ^1_. (7) . A library of random clones derived from this fragment was obtained by sonication followed by subcloning into the Smal site of M13mpl8 (8) as described by Bankier and Barrell (9) . 110 clones were randomly picked and sequenced to cover both strands at an average of 9.0 readings per bp. Additional sequence at the 5' end of con-8 was obtained by subcloning appropriate restriction fragments. Sequence assembly used the computer programs of Staden (10, 11) . Analysis of the sequence was performed using the programs of the University of Wisconsin Genetics Computer Group (12) .
SI nuclease mapping and primer extension
Internally labelled probes of single stranded DNA used for SI mapping and primer extension were prepared on appropriate M13 templates as described by
Hudson and Davidson (13) . SI mapping and primer extension were performed by published procedures (13) , with the following modifications. For SI mapping, 50,000 Cerenkov cpm/probe was hybridized with 20 yg total RNA overnight. In early experiments annealing was performed at 50° C, but the temperature was later reduced to 45° C after we found that some probes did not anneal at the higher temperature. The only double stranded probe used was denatured at 80°C for 15 min before use. Primer extension was performed with 20,000 Cerenkov cpm/probe hybridized with 20 ug total RNA annealed at 45° C.
RESULTS AND DISCUSSION
Timing of expression of con genes
Transcription of the con genes was examined by Northern blot hybridization of RNA prepared from a selection of N. crassa mutants, to radiolabelled probes prepared from various pCon plasmids. The mutants analyzed were either aconidial or formed defective conidia, and are listed in MATERIALS AND METHODS. Our results, based on at least two separate Northern blots for each probe, are compiled 1n Table 1 . A typical example of a Northern blot obtained with con-8 Is shown in Figure 1 . The same filter, reprobed with a control gene (crp-1), Is displayed underneath. We have confined our analysis to the major transcript(s) detected by each plasmid. Their sizes are Indicated 1n Table 1 . The levels of mRNA from con-6 and con-8, two genes whose transcripts accumulated early during conidiation (0 -4 h), were only slightly altered 1n the mutants; the levels of these mRNAs were the same 1n most mutants as 1n wild type (25-100X of wild type), apart from a reduction of con-6 mRNA 1n JT_. The levels of mRNA for genes whose transcripts accumulate later during conidiation (4 -12 h) in wild type, con-10, con-11, and con-13, were more severely affected. In general, these mRNAs were very low or absent 1n RNA isolated from _fl_, acon-2 and acon-3 cultures and reduced in eas and In some cases csp-1 and csp-2 cultures. Transcripts corresponding to pCon-3 and pCon-5 showed a slight Increase in comparisons of conidial RNA and raycelial RNA in wild type, whereas no significant increase was observed using pCon-1, pCon-2, and pCon-4a. Transcripts corresponding to pCon-1, pCon-2, pCon-3, pCon-4a and pCon-5 were found 1n all the mutants 1n both mycelial and conidial RNA and showed only minor differences from the pattern of expression found in wild type (data not shown). Transcription of the genes contained 1n pCon-7 and pCon-9 was not examined.
Transcription of the genes encoded within the pCon clones was also examined in cultures that had been grown 1n liquid medium for 44 h. These cultures were therefore 24 h older than our normal mycelial preparations which were usually analyzed after 20 h, when growth was believed to be roost vigorous. In contrast, by 44 h, the culture may be senescent. Figure 2 shows Northern blots of RNA prepared from such cultures probed with pCon-6, pCon-8, pCon-lOa and pCon-lla. Transcripts corresponding to con-10 and con-13 (encoded on pCon-lOa), con-6 and con-11 were not found, but con-8 mRNA was detected. (A constitutively expressed transcript of 1.1 kb encoded by pCon-lla (1) was also found. This gene is not thought to be Involved with con1d1at1on (1)).
These Initial studies permit us to suggest the order 1n which the con genes and genetically defined conidiation-defective loci are expressed during conidiation ( Figure 3 ). Our evidence indicates that the genes encoded by encoded by pCon-3 and pCon-5a probably do not play a unique role in conidiation since in wild type their tnRNAs accumulated only slightly in conidial cultures compared to mycelial cultures. In contrast, the transcripts corresponding to con-10, con-11 and con-13 accumulated only 1n the later stages of condiation (3), and were not found or were found at severely reduced levels in the aconidial mutants acon-2, acon-3 and _fl_. Furthermore, their mRNAs were not present in 44 h old mycelial cultures, implying that their respective gene products have a more specific function during conidiation ( Figure 2 ). The levels of mRNA for con-6 and con-8, which accumulated early In conidiation in wild type, were only slightly altered In the mutants. The presence of con-6 mRNA in mycelial preparations was variable, in both mutants and wild type. This may be due to slight variations 1n growth conditions. The finding that con-8 transcripts accumulated during conidiation and 1n 44 h old mycelial preparations implies that the con-8 gene product functions at both of these times.
From these results we conclude that con-8, con-10, con-11, and con-13 are bona fide conidiation-speci fie genes, and are attractive candidates for studies on differential gene expression 1n N. crassa. The coding region of con-8
The con-8 gene was selected for further study since elucidation of Its structure and expression could contribute to our understanding of both conidiation and culture aging. We sequenced the 2.3 kb Sal I fragment that hybridized with both con-8 transcripts. From the sequence it was apparent that this Sal I fragment contained only a short segment of 5' flanking DNA. To detect additional upstream DNA, we probed an ordered cosmid library (5) with the 2.3 kb Sal I fragment and Identified a single positive clone, 24:8:G. An additional 400 bp of 5' flanking DNA was subcloned from this cosmid and sequenced. A restriction map of the con-8 gene and surrounding DNA is shown in Figure 4 together with the boundaries of useful clones related to con-8. Isolation of cDNA clones of con-8
Approximately 50,000 plaques of a conidial cDNA library (3) were screened with a radiolabelled sample of the 2.3 kb _Sa_ĵI fragment. 108 positive plaques were identified of which 10 were purified. The two longest clones, designated CDNA4.8 and cDNAll.8, were selected for further study. From a combination of sequence analysis and Northern blotting ft was apparent that cUNM.O and cDNAll.8 corresponded to con-8. We were surprised to observe that CDNA4. 8 DMA sequence of con-8 and Its predicted gene product
The DNA sequence of con-8 and flanking regions is shown in Figure 5 . This segment corresponds to the 2.6 kb EcoRI-Sal I fragment that 1s shaded in Figure 4 . The organization of this gene is shown diagraianatically 1n Figure  6 . Sequence analysis of the two cDllA clones located the positions of two introns. Within the cDNA sequence, only one sizable open reading frame was found. This open reading frame is translated above the nucieotide sequence in Figure 5 .
In most respects, con-8 displays features characteristic of a N. crassa gene. The G+C content of the whole sequence is 49S, slightly lower than the value of 54% for N. crassa genomic DNA (14) . However It is noteworthy that the G+C content of the three exons (63, 53, and 68%, respectively) is significantly higher than the G+C content of the introns (41 and 42X, Figure 5 . A striking feature of Intron 1 is the stretches of repetitive sequence. In the central portion of Intron 1, the motif TTGTGGG Is repeated six times. In addition, near the beginning of Intron 1, a highly T-rich region is found interspersed by C residues. Part of this sequence 1s shared by Intron 2 and also by a region just distal to the stop codon for the con-8 polypeptide (bp 1642-1652). These sequences are indicated by broken underlining 1n Figure 5 . Examination of the sequence for stem and loop structures located a number of potential candidates at the 3' end of the sequence. Two of these are indicated by horizontal arrows in Figure 5 .
The codon usage pattern displayed in the first part of exon 1 of this gene follows the general rules for a H. crassa gene, namely a preference for codons terminating with pyrimidine residues rather than purines in the four and six codon families and displaying a bias for codons terminating with a G or C residue over those terminating with A and T residues throughout the entire sequence (15, 16) . However, the second part of exon 1 and all of exon 2 do not follow the typical N. crassa codon usage profile. Most noticeably, codons terminating with C residues are found at a lower frequency, 18%, than the normally observed 48% (compiled from codon usage data for ten N. crassa genes). 18). These sequences are believed to be Important for ensuring correct Initiation of protein synthesis (19) . He have no direct evidence that this Is the initiator methionine. There is a second metbionine codon 148 bp further downstream, but 1t does not possess a good translation Initiation consensus sequence.
The deduced con-8 polypeptide is weakly acidic, contains 176 araino acid residues, and a mass of 18.4 kDa. Examination of the secondary structure of this polypeptide by the algorithm of Chou and Fasman (20) Indicates some potential to form o-helices and very little tendency to form p-pleated sheets. The hydropathy plot of Kyte and Doolittle (21) reveals that the proposed con-8 polypeptide Is predominantly hydrophiHc; there are no hydrophobic potential membrane-spanning regions. It Is noteworthy that 11% of all residues are proiine.
Comparison of the deduced amino acid sequence of the con-8 product with 
ATO GAT GAC ACC COT ACC AAC CCC CCC ATC OCC GOT CCC TTC CAG CCC CCC CAC CCA CCC ACC CTC CAC AAC CCC ATC ACC
•50 B70 890 910 930 , which is considered significant (25) . We also reexamined the con-10 polypeptide sequence using the same procedure and found a previously unrecognized homology with a segment of actin. Exon 2 of con-10 shares 11 out of 29 (38%) amino acid identities with DictyosteHum discoideum actin 3-sub 2 (26) . This region of homology is shared by other actins Including that of yeast (27) .
SI nuclease mapping
Northern blots performed with the cDNA clones as probes had shown that the con-8 gene is represented by two RNA species. SI nuclease mapping was performed to Identify the origin of each of these RNA species. Nine singlestranded M13 probes (named 1-9) were prepared spanning approximately a 1 kb region at the 5 1 end of the gene ( Figure 6 ). One major mRNA Initiation site, initiation sites (bp 636 and 644) contains pyr1m1d1ne residues exclusively, which often characterizes transcription Initiation sites of N. crassa (15) . The 5 1 end of the longer cDNA clone, cDNAll.8, also extends to this region (bp 660). CDNA4.8 1s a little shorter (5' end at bp 771). A weak raRNA Initiation site (A2) was detected with probes 5, 6, 7 and 9 as a doublet at bp 503 and 514. A2 was at most 10% the intensity of Al (Figure 7a ). There was also an indication of minor RNA transcripts extending further 5 1 of A2 (Figure 7a ). The smallest DNA fragment protected 1n this series of experiments was 150 nt. After allowing for this limitation, the probes used had the resolution to detect mRNA Initiation sites extending from bp 1 to 900. No other Initiation sites were found. Therefore, our analyses show that transcription of con-8 begins predominantly at Al and Infrequently at A2. Noteworthy features of the sequence preceding Al include a Goldberg -Hogness box (TATAAA) located 46 bp upstream of Al (28), and a CCAAT box found 207 bp upstream of Al (29) . This CCAAT location 1s more upstream than usual. In addition, two sequences resembling the capping consensus (30) In fact this probe hybridized strongly with a small RNA species of < 300 nt that 1s presumably derived from the spliced out Intron (data not shown). The trivial explanation that another gene exists on the opposite strand of DNA was excluded by showing that a single-stranded probe complementary to the proposed con-8 mRNA hybridized with both mRNA species whereas one in the opposite orientation hybridized with neither (data not shown). In addition, genomic Southern analyses (1, data not shown) have given no Indication of the existence of two con-8 genes.
Our evidence from SI mapping studies Indicates that extensive heterogeneity at the 3 1 end of the con-8 mRNA exists. This Is therefore the most likely source of the additional RNA transcript found on Northern blots. RNA extending from the 5 1 end at Al to the 3' end at Bl can clearly account for one of the mRNA bands, probably the larger. The cDNA clones share the same exons and are 1035 bp and 848 bp in length ( Figure 6 ). Each cDNA Identifies a genuine polyadenylation site Inside of Bl which falls within the zone of The numbers for con-8 sequences are taken from Figure 5 . The numbers for con-10 sequences are rrom Figure 3 3'ends detected. It is possible that some of the minor RNA species run together as a single band on the Northern gel. Relationship between con-8 and con-10
Since we have upstream sequence data for con-8 and con-10, we were interested In determining If these sequences have any features in common. A comparison of approximately 600 bp of sequence upstream of the coding region of these two genes on both strands of DNA has Identified several perfect matches between the two sequences and many imperfect matches located at equivalent distances from the mRNA Initiation sites (Al for con-8). The perfect matches are displayed as examples 3, 4 and 7 in Table 2 . Further analysis of the same regions identified a number of palindomic sequences, of which some occurred 1n regions 1n common between con-8 and con-10. Five of these are shown as examples 1, 2, 5, 6 and 7 1n Table 2 . As a control for these analyses, the fourteen sequences displayed in Table 2 were compared in both orientations against 600 bp sequences upstream of the major SI mapped mRNA initiation site of the N. crassa plasma membrane HVATPase gene (32) and qa-4 gene (33) under the homology parameters listed in Table 2 . Four matches with the upstream region of the H*7ATPase gene were obtained (example 2, con-8, three times; example 6, con-8, once) and one match with qa-4 was obtained (example 5, con-10). Functional tests are required to evaluate the significance, 1f any, of the common sequences listed in Table  2 . Although mRNAs for con-8 and con-10 are found at the same time during most of con1d1at1on there are also times when con-8 mRNA is present and con-10 mRNA is not, Indicating that each gene must be controlled by unique regulatory sites 1n addition to any common ones.
Using yeast as a model, we can predict that analogs of upstream activator sequences (UAS) could be located 600 bp or more from the mRNA initiation site (34) . Specific sequences important for gene regulation in yeast vary in length between 6-24 bp; some of these have been shown to function in either orientation and some display rotational symmetry (34, 35, 36) . It Is possible that genes expressed at the same time 1n the life cycle of _N. crassa, such as con-8 and con-10, might belong to the same family and share similar upstream sequences.
The con-8 gene 1s an example of a conidiation specific gene that 1s differentially regulated. The raRNA appears early 1n con1d1at1on and late 1n mycelial growth, con-8 Is unusual 1n that 1t Is transcribed into two related RNA species of similar intensity. Future efforts will be directed toward understanding the factors responsible for the differential regulation of this gene and at Identifying the function of Its gene product.
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